This series of papers is concerned with the isolation and physiological properties of 3-P-glycerate phosphatase. Purification and characterization of this phosphatase was done with extracts of sugarcane leaves (31). The enzymatic hydrolysis of P-glycolate and 3-P-glycerate has many parallels. The substrates are structural analogs at each end of the glycolate pathway ( Fig. 1) , but the phosphatases are distinctly different. In C3-plants' glycolate metabolism, peroxisomes, and photorespiration are active, and in these plants P-glycolate phosphatase likewise is a major enzyme and relatively more active than 3-P-glycerate phosphatase. In C4-plants the peroxisomal system is mainly restricted to the bundle sheath cells (39). where most of the P-glycolate phosphatase is located (33). In an initial survey of C,-plants more 3-P-glycerate phosphatase activity was found than P-glycolate phosphatase (30), and a major part of the 3-P-glycerate phosphatase was in the cytosol of the mesophyll cells (33), which also contain the Cg-pathway of CO. fixation (16) . It is suggested that the two phosphatases regulate different metabolic routes to the same products, glycine and serine. and are involved in regulating photorespiration. That 3-P-glycerate phosphatase may be involved in a carbon shuttle system in C-plants is to be considered.
sugarcane leaves by increasing 50% during late daylight hours and early evening. It is proposed that the soluble form of 3-phosphoglycerate phosphatase is necessary for carbon transport between the bundle sheath and mesophyll cells during photosynthesis by C4-plants. In C3-and Q-plants this phosphatase initiates the conversion of 3-phosphoglycerate to serine which is an alternate metabolic pathway to glycolate metabolism and photorespiration.
P-Glycolate, formed photosynthetically (8) , is hydrolyzed in the chloroplast by a specific phosphatase (1, 2, 34, 43) . Subsequent glycolate metabolism (29, 38) , as depicted in Figure 1 , leads to the formation of glycine, serine, and glycerate. The synthesis and metabolism of glycolate are manifested by photorespiration, parts of which occur in three particles: chloroplasts, peroxisomes, and mitochondria (39) . In direction, which does not involve photorespiration, 3-P-glycerate formed photosynthetically in the chloroplasts is hydrolyzed by a phosphatase to glycerate, which in turn is converted to hydroxypyruvate and serine in the peroxisome. Thus P-glycerate or P-glycolate in the chloroplast are converted by different phosphatases to the free acids which are metabolized in the peroxisomes.
This series of papers is concerned with the isolation and physiological properties of 3-P-glycerate phosphatase. Purification and characterization of this phosphatase was done with extracts of sugarcane leaves (31) . The enzymatic hydrolysis of P-glycolate and 3-P-glycerate has many parallels. The substrates are structural analogs at each end of the glycolate pathway ( Fig. 1 ), but the phosphatases are distinctly different. In C3-plants' glycolate metabolism, peroxisomes, and photorespiration are active, and in these plants P-glycolate phosphatase likewise is a major enzyme and relatively more active than 3-P-glycerate phosphatase. In C4-plants the peroxisomal system is mainly restricted to the bundle sheath cells (39) . where most of the P-glycolate phosphatase is located (33) . In an initial survey of C,-plants more 3-P-glycerate phosphatase activity was found than P-glycolate phosphatase (30) , and a major part of the 3-P-glycerate phosphatase was in the cytosol of the mesophyll cells (33) , which also contain the Cg-pathway of CO. fixation (16) . It is suggested that the two phosphatases regulate different metabolic routes to the same products, glycine and serine. and are involved in regulating photorespiration. That 3-P-glycerate phosphatase may be involved in a carbon shuttle system in C-plants is to be considered.
MATERIALS AND METHODS Plants were grown for 3 to 6 weeks in greenhouse or field as indicated in Table I , and only mature leaves were used. Etiolated sugarcane leaves were from stem nodes kept in a dark growth chamber in vermiculite and watered with Hoagland's nutrient solution for 21 days at 23 C. Chlorella pyrenoidosa (Marburg strain) and Chlamnydomnonas reinhardtii were grown as described previously (19) . Tissues were extracted immediately after harvest. The leaves were washed, blotted dry, large midribs removed, and remaining tissue diced. The leaf samples were then homogenized for 2 min at 4 C in a Waring Blendor with five volumes of a grinding medium containing 20 mm sodium cacodylate buffer at pH 6.3 and 1 mm EDTA. As indicated 2% Polyclar AT and 20 'Plants which initially fix C02 mainly by the photosynthetic carbon reduction cycle are termed C3-plants, and plants which also contain the C4-dicarboxylic acid cycle of C02 fixation in the mesophyll cells, are termed C4-plants (16 mM ascorbate were added to the grinding medium for some plants to reduce interference by phenolic compounds (23) . The homogenates were squeezed through six layers of cheesecloth. When the roller mill was used for further extraction, the residue in the cheesecloth was passed repeatedly through the roller mill until nearly colorless while being washed with the grinding medium (33) . Most plants were examined using triplicated samples, enzyme assays were at least duplicated, and the reported values are averages.
Chloroplast isolation from sugarcane leaves was by the method of Baldry et al. (6) , except that cacodylate buffer was substituted for the pyrophosphate buffer in the grinding and suspension media. The same isotonic grinding medium was used for differential centrifugation of subcellular particles from sugarcane leaves. Samples from nonaqueous density centrifugation of lyophilized corn leaves were furnished by C. R. Slack and T. J. Andrews (3) . A sorbitol medium for the isolation and washing of chloroplasts from spinach leaves contained 0.33 M sorbitol, 10 mm phosphate at pH 6.5, 5 mM MnCI2, 2 mm MgCl2 and 2 mm isoascorbate.
3-P-Glycerate phosphatase was assayed for 10 min at 30 C using 10 /tmoles of substrate and 100 ,tmoles of sodium cacodylate buffer at pH 5.9 in a final volume of 0.75 ml. The reaction was terminated by the addition of 0.25 ml 10% trichloroacetic acid, the precipitate was removed by centrifugation, and the released phosphorus was measured by a modification of the Fiske and Subbarow method (2) . P-Glycolate phosphatase was assayed in the same manner except at pH 6.3 and in the presence of 1 mm MgCl2 (2 (33) and was equivalent to vigorous grinding by a mortar and pestle as used by others to rupture the bundle sheath cells (10) .
The Distribution of 3-P-Glycerate Phosphatase and PGlycolate Phosphatase in C3-Plants. A survey for the two phosphatases was run on extracts from leaves after homogenization for 2 min in the Waring Blendor (Table I ). Considerable activity was found in all plants, including aquatic plants, liverwort and algae. The specific activity of the phosphatases is reported on a chlorophyll basis to eliminate changes in wet weight from transpiration during harvest. Plants are grouped according to their ability to photorespire or by general type, and by the relative ratio of activity of 3-P-glycerate phosphatase to P-glycolate phosphatase. In general C,-plants had high P-glycolate phosphatase activity of 3 to 20 ,umoles P, released per min per mg chlorophyll and in the same plant this activity was greater than 3-Pglycerate phosphatase.
Assuming rates of CO2 fixation between 2 to 6 Amoles per min per mg chlorophyll, the potential P-glycolate phosphatase activity was about equal to photosynthetic rates. In these C,-plants 3-P-glycerate phosphatase activity was usually one half to one eighth as much as the P-glycolate phosphatase, and the average 3-P-glycerate phosphatase to P-glycolate phosphatase ratio of activity was about 1 :4. In 15 soybean varieties the 3-P-glycerate phophatase to Pglycolate phosphatase ratio varied, as in other C2-plants, from 1:2 to 1:5 with an average of 1:3 (Table I ). In one exception, bush bean (Phaseolus vulgaris, var. Sanalac), there was more activity for 3-P-glycerate phosphatase than for Pglycolate phosphatase. In this case the 3-P-glycerate phosphatase was exceptionally active and at least 20% of the Pglycolate phosphatase was inactivated by the 2 min grinding period. In all the bean leaves 3-P-glycerate phosphatase was very active, relative to other C3-plants. This high activity is consistent with the large amounts of glycerate formed photosynthetically by bean leaves (5, 18, 26) .
The CO2-compensation point of tree leaves is as high as 1.5 ,u/ll, and, as such, tree leaves in the temperate zone of North America are among the most actively photorespiring leaf tissues. With the exception of mountain ash, they too had relatively high levels of P-glycolate phosphatase and low levels of P-glycerate phosphatase. These values must be qualified by the difficulty in obtaining complete recovery of active enzymes from homogenates of tree leaves. The tree leaves were ground in the presence of Polyclar AT in order to reduce the tanning action of the phenolic compounds. Nevertheless in these homogenates all particles and much of the protein were coagulated, and enzyme assays could only be run on the portion of the protein which was not precipitated. Because of this problem with homogenates of tree leaves many enzymes, including the peroxisomal enzymes, cannot be detected in leaf extracts of trees (N. E. Tolbert, unpublished). Likewise, unknown and different amounts of the phosphatases may have been precipitated by the tannins, and the levels reported in Table I (Table I and II) . These activities came from nearly all the mesophyll cells but only part of the bundle sheath cells were broken by the blender. When the residual tissues from the Waring Blendor extraction were ground in the roller mill to break the remaining bundle sheath cells, more P-glycolate phosphatase activity was released than P-glycerate phosphatase (Table II) . As a result the 3-P-glycerate phosphatase to P-glycolate ratio in the mesophyll cells of most C4-plants averaged about 3:1 or 4:1, while the ratio in the extract obtained by the roller mill, representing the bundle sheath cells, was 1:3 or 1:4, which was similar to the ratio from a C3 plant. This approximate correlation was valid for the two well studied Atriplex species (10). For A. patula, with CO2-photorespiration, the 3-Pglycerate:P-glycolate ratio was 1:1.2. For A. rosea, without CO2-photorespiration, the ratio was 2.4:1 to 2.9:1 in the mesophyll cells, while in the bundle sheath homogenate from the roller mill the ratio was 1: 2, as in C3-leaves with glycolate metabolism.
Among the C4-plants without photorespiration, corn was an exception in that it had relatively low levels of 3-P-glycerate phosphatase activity. However, as in other C,-plants, the 3-Pglycerate phosphatase was located primarily (about 80%) in the mesophyll cells, and large amounts of P-glycolate phosphatase were present in the bundle sheath cells (Table II) . The reason for the lower levels of total 3-P-glycerate phosphatase activity was not ascertained. Efforts to find an inhibitor of the phosphatase in corn leaves were unsuccessful.
Among the C4-grasses examined were crab grass (9) and Bermuda grass (12) in which the amount of 3-P-glycerate phosphatase far exceeded that for P-glycolate phosphatase (Table II) . In fact, from Waring Blendor homogenates of Bermuda and bent grasses, higher specific activities for 3-Pglycerate phosphatase were found than from any other plants. A classification of the bent grass (Agrostis tenuis) examined by us is not known, but it is listed with C,-plants on the basis of a very high 3-P-glycerate phosphatase activity, although it also had a lot of P-glycolate phosphatase. In the roller mill extract of the residual tissue of these grasses there was enough 3-P-glycerate phosphatase that the ratio did not reverse to a situation indicated by more P-glycolate phosphatase, as in CQ-plants or bundle sheath cells of other C4-plants. On the other hand, Poa and Merion bluegrasses with high P-glycolate phosphatase are of sub-families of the Festuceae which is comprised mostly of C3-plants.
The few unicellular algae examined actively biosynthesize glycolate and had high levels of P-glycolate phosphatase (Table I ). These algae have relative low levels of photorespiration (reviewed in Ref. 39 ), and they either excrete the glycolate or metabolize it slowly by a glycolate dehydrogenase (27) .
The primitive, nonvascular liverwort (Marchantia) had relatively higher levels of 3-P-glycerate phosphatase. Liverwort contains only low levels of glycolate oxidase (27) . The crassulacean plants with their /3-carboxylation system for acid accumulation might be thought of as C4-plants, yet they appear to be C,-plants according to their relative higher levels of P-glycolate phosphatase than 3-P-glycerate phosphatase. The two aquatic plants examined had phosphatase activities of typical C3-plants.
Location of Phosphatases in Spinach Chloroplasts. Originally Yu et al. (43) concluded the P-glycolate phosphatase was in the spinach leaf chloroplasts after isolation in 0.5 M NaCI, but the percentage of activity remaining with the isolated chloroplasts was small. This conclusion was confirmed by nonaqueous isolation of chloroplasts (37) . By aqueous isolation of chloroplasts in a sorbitol medium, retention of this phos- phatase with the plastids can be achieved (Table III) . After three washings these chloroplasts still retained about 8% of the total P-glycolate phosphatase activity. Only traces of 3-Pglycerate phosphatase was found in washed chloroplasts isolated in the sorbitol medium from mature spinach leaves. Location of 3-P-Glycerate Phosphatase in the Sugarcane Plant. In 6-month-old, greenhouse-grown sugarcane plants, 3 -P-glycerate phosphatase activity was located almost entirely in the leaves (Table IV) . Small amounts of activity in stems and roots may have been from nonspecific phosphatases of these tissues.
The density centrifugation procedure of Baldry et al. (6) was used to partially separate heavy, starch-containing chloroplasts of the bundle sheath cells from the lighter, nonstarchcontaining chloroplasts of the mesophyll cells. Sugarcane leaves, which had been exposed to 6 hr of light to ensure adequate starch formation, were ground in their sorbitol medium, and the chloroplasts were isolated by fractional centrifugation. Nearly all of the 3-P-glycerate phosphatase and P-glycolate phosphatase activities were solubilized. In height. Tissue samples of 3 g from the top of the spikes were ground in a mortar and pestle with grinding medium and washed Ottawa sand, squeezed through 6 layers of cheesecloth, and centrifuged at 14,000g for 10 min 3-PGlycerate phosphatase activity was determined over a 2-day period during exposure of the stalks to 1800 ft-c of incandescent white light (Fig. 3) . A low level of phosphatase activity was present in the etiolated tissue. The etiolated activity amounted to about 2 pmoles Pi released per min per g fresh weight, whereas a normal green leaf of the same age hydrolyzed aboLut 20 urmoles 3-P-glycerate per g fresh weight.
It is not known whether the to 12% of activity in etiolated tissue represented nonspecific phosphatases or was the same 3-P-glycerate phosphatase of the green leaf. After 24 hr of light a small amount of chlorophyll could be seen in the tissue, but it was too small to be measured after extraction. Between 12 and 24 hr of light, 3-P-glycerate phosphatase activity about doubled. After 47 hr of exposure to light, 3-P-glycerate phosphatase activity had increased at least 4-fold, and on a gram fresh weight basis it was about 46% of that in greenhouse tissue of the same age. The tissue was still very light green in color. During greening, the protein in the leaf tissue also increased in parallel with the phosphatase activity, and after 47 hr of light there was 87% as much protein as in the comparable green leaf.
Diurnal Variation of the Enzyme Activity. A diurnal variation in 3-P-glycerate phosphatase activity in sugarcane leaves in the greenhouse was found when total activity was expressed either on a protein or chlorophyll basis (Fig. 4) . 3-P-Glycerate phosphatase activity rose in the late afternoon, reaching a maximum in early darkness and then decreased by midnight.
The maximum increase in late afternoon was about 50% on a protein basis and 60% on a chlorophyll basis. High sunlight intensity was required for this phenomenon, and when light intensities were reduced by heavy cloud cover, as on the 2nd day of the experiment shown in Figure 4 , 3-P-glycerate phosphatase activity did not increase. In these experiments the day preceding also had at least 8 hr of strong sunlight. Careful attention was taken to assure that the plants had sufficient water to prevent water stress. The diurnal cycle for photosynthesis would have risen in the morning, peaked before noon, decreased between noon and 1:00 PM and peaked a second time in early afternoon (11). 3-P-Glycerate phosphatase activity began to increase when the photosynthetic rate was decreasing and in the evening when the least photosynthetic activity was expected, the most phosphatase activity was found. DISCUSSION 3-P-Glycerate phosphatase has been purified from sugarcane leaves (31) and P-glycolate phosphatase from tobacco (1, 34) and wheat leaves (43) . P-Glycerate phosphatase has an estimated molecular weight of about 160,000 and no added cation requirement. P-Glycolate phosphatase is a much smaller protein with a cation requirement for activity. Both phosphatases have also been partially purified from several other plants (unpublished) with no apparent change in properties. Both phosphatases were active in all the plants examined in this survey. It is assumed in the absence of purification and full characterization of the enzymes from a number of plants, that the properties of each are the same from the various plants. From the substrate specificity of the two phosphatases, activity in leaf homogenates for the hydrolysis of 3-P-glycerate cannot be attributed to P-glycolate phosphatase, and P-glycolate hydrolysis by 3-P-glycerate phosphatase can only be 10% of the rate with 3-P-glycerate (31) . Also, since both phosphatases are very active and the assay conditions, such as pH, are atypical for acid or alkaline phosphatase, it is further reasoned that most of the hydrolysis of 3-P-glycerate and P-glycolate by the homogenate can be attributed to the designated phosphatases.
A trend in this survey data was indicated by the ratio of activity for 3-P-glycerate phosphatase as compared to Pglycolate phosphatase. In most C3-plants this ratio was less than 1 and ranged from about 1:2 to 1:6. The one exception was a white bean variety which did have high P-glycolate phosphatase activity but unusually high 3-P-glycerate phosphatase activity. High activity of P-glycolate phosphatase was consistent with high rates of photorespiration and glycolate metabolism in these C3-plants. In all C4-plants, with the exception of corn, a reverse ratio was observed in which ratio of activity for 3-P-glycerate phosphatase to P-glycolate phosphatase was 2:1 to 6:1. This change in ratios can be attributed mostly to an increase in P-glycolate phosphatase and to some drop in 3-P-glvcerate phosphatase in C3-plants, as compared Day  FIG. 4 Nonaqueous density fractionation procedures located 3-Pglycerate phosphatase in the nonchloroplastic fractions of the corn leaf, whereas 87% of P-glycolate phosphatase was found in the chloroplast fractions. About 8 to 12% of P-glycolate phosphatase was also retained with spinach chloroplasts, when they were isolated in a sorbitol medium. These different locations for the two phosphatases are depicted in Figure 1 . Thus, these phosphatases are probably different from the acid phosphatase activity in plant spherosomes and dictyosomes reported by Matile et al. (25) . 3-P-Glycerate phosphatase has also been found in starch grains of spinach leaves (32) .
Evidence for the involvement of 3-P-glycerate phosphatase in photosynthesis or related metabolism in C4-plants is sup- ported by its formation during the biogenesis of chlorophyll in sugarcane leaves. The enzyme activity increased 10-fold on a fresh weight basis and 4-fold on a protein basis after etiolated tissue was illuminated. P-Glycolate phosphatase activity in etiolated wheat also increases upon greening (43) . The diurnal variation in 3-P-glycerate phosphatase activity is also suggestive of an enzyme involved in metabolic processes closely associated with photosynthesis. The phosphatase activity increased 50% in the latter part of the daylight, when the photosynthetic activity should have been decreasing. Even at periods of lowest phosphatase activity, its activity in sugarcane leaves was as high as the CO2 fixation rates reported by Slack and Hatch (35) .
Speculation on the Function(s) of 3-P-Glycerate Phosphatase. Since 3-P-glycerate is an intermediate in both the photosynthetic carbon cycle and carbohydrate metabolism, regulation of its pool size by a phosphatase has many implications. 3-P-Glycerate is readily transported out of the chloroplast (7, 17) ; at high concentrations it inhibits ribulose-1,5-diP carboxylase (28) ; and it is an allosteric activator of ADP-glucose pyrophosphorylase (13) , which forms the substrate for starch synthesis. The function of the phosphatase in this last respect is discussed in the third paper of this series (32) . Any hydrolysis of 3-P-glycerate as it is formed during CO2 fixation may affect the rate of photosynthesis. The kinetics of glycerate labeling during photosynthesis with CO2 is slower than for 3-P-glycerate formation, although the ultimate pool size of glycerate is relatively large (5, 18, 26) .
The data on the distribution of the phosphatases is consistent with the scheme for the glycolate pathway in C3-plants as depicted in Figure 1 . Both phosphatases initiate carbon flow via nonphosphorylated intermediates from the products of CO2 photosynthesis into glycine and serine. Labeling patterns in these products from C3-plants have proven that most of the serine arises from P-glycolate or glycolate (29) . On the other hand glycerate formed in short photosynthetic experiments in tobacco or bean leaves or algae arise from 3-Pglycerate (18) . Further, serine formed by the C,-plant, corn (20, 29) , is more carboxyl labeled, as if it were formed from 3-P-glycerate. Flow of carbon from 3-P-glycerate to serine and glycine via 3-P-glycerate phosphatase would be more economical and efficient, since it would bypass the CO2 and MESOPHYLL CELLS energy loss of photorespiration. However, the equilibrium and enzymatic pH optimum between glycerate and hydroxypyruvate prevents extremely rapid oxidation of glycerate in the physiological pH range (22, 42) . Both pathways involve peroxisomal enzymes (39) . Whatever the function of the glycolate pathway and peroxisomal respiration, formation of glycerate by 3-P-glycerate phosphatase may in part bypass or substitute for it. In the diurnal variation 3-P-glycerate phosphatase activity was highest in the latter part of the day when less active photosynthesis and light intensity should have reduced glycolate formation. Thus carbon flow into glycine and serine. which forms Cl-compounds, could continue the drain of the photosynthate into these structural components.
Since chloroplasts rapidly biosynthesize and excrete glycolate (14, 21) and 3-P-glycerate (17) during photosynthesis, it is possible that both phosphatases are involved in some carbon and/or ionic transport system between the chloroplasts and the cytosol. Concrete physiological data on the nature of this transport is lacking.
Recently the establishment of a Cg-photosynthetic carbon cycle has necessitated a search for transport mechanisms for carbon products of photosynthesis between the mesophyll and the bundle sheath cells (16) . An involvement of 3-Pglycerate and glycerate in this transport is envisaged in Figure  5 , which is modeled after the schemes of Hatch and Slack (3, 16) , except for our emphasis on 3-P-glycerate phosphatase transport. Data in this paper have emphasized that the 3-P-glycerate phosphatase is generally more active in C,-plants than in Cr-plants. This phosphatase in C4-plants is located mostly in the mesophyll cytosol, and glycerate kinase in mesophyll chloroplasts (15). The presence of ribulose-l, 5-diP carboxylase supports the synthesis of 3-P-glycerate in the bundle sheath, where there is inadequate reducing power. However, part of the 3-P-glycerate, 3-P-glycerate kinase, triose-P dehydrogenase, and triose-P isomerase were found in the meso-BUNDLE SHEATH CELLS Proposed involvement of 3-P-glycerate phosphatase in transport of P-glycerate bet'%een bundle sheath and nmesophyll cells in C4-plants. Abbreviations are: PEP: P-enolpyruvate, RuDP: ribulose-1, 5-di P; DHAP: dihydroxyacetone-P; C6-P: hexose-P C7 P: sedoheptulose-P; C5-P: pentose-P; OAA: oxaloacetate.
